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ABSTRACT We follow the effect of osmotic pressure on isoelectric complexes that self-assemble from mixtures of DNA and
mixed neutral and cationic lipids. Using small angle x-ray diffraction and freeze-fracture cryo-electron microscopy, we ﬁnd
that lamellar complexes known to form in aqueous solutions can reversibly transition to hexagonal mesophases under high
enough osmotic stress exerted by adding a neutral polymer. Using molecular spacings derived from x-ray diffraction, we estimate
the reversible osmotic pressure-volume (P-V) work needed to induce this transition. We ﬁnd that the transition free energy is
comparable to the work required to elastically bend lipid layers around DNA. Consistent with this, the required work is signiﬁcantly
lowered by an addition of hexanol, which is known to soften lipid bilayers. Our ﬁndings not only help to resolve the free-energy
contributions associated with lipid-DNA complex formation, but they also demonstrate the importance that osmotic stress can
have to the macromolecular phase geometry in realistic biological environments.
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Biophysical Journal Volume 96 April 2009 L43–L45 L43The complexes that spontaneously form when DNA is mixed
with lipids have drawn great interest as potential vectors in
gene therapy (1–6). Moreover, because these ‘‘lipoplexes’’
form regular ordered phases, they are also remarkably conve-
nient tools for studying the link between molecular DNA-
lipid interactions and the macroscopic ordered phases that
they form. It has been shown that the structure of the ordered
mesophases can be controlled through the delicate interplay
of electrostatic, elastic, and entropic-mixing forces, as deter-
mined by the composition of lipids, DNA, and salt (1–3,
7–11). For example, it is possible to favor formation of hexag-
onal lipoplexes (‘‘honeycomb’’ shaped, HCII), or lamellar
structures (‘‘sandwich-like,’’LCa ) by simply choosing lipid
mixtures with appropriate elastic properties (2).
An important link has been established between lipoplex
structure and composition, and transfection efficiency (1).
In particular, it was recently shown that although the trans-
fection efficiency of HCII complexes is generally high and
independent of membrane charge density, for LCacomplexes
this efficiency sensitively depends on the membrane charge
density, but can match the transfection efficiency gained
with the hexagonal.
We study the response of lipid-DNA complexes to osmotic
stress exerted by adding polyethylenglycol (PEG), at various
final concentrations, to lipoplex solutions (Fig. 1). This osmotic
stress technique is an effective tool to investigate changes in
hydration accompanying macromolecular assembly (12), and
affords several advantages. First, it is widely appreciated that
water plays an important role in determining macromolecular
binding energies, but only a few methods are available for
measuring the forces associated with changes in hydration
that accompany phase transitions in aqueous solutions.
Second, crowded with salts, sugars, amino acids, and other
biopolymers including proteins, the physiological and intracel-lular milieu is far different from the dilute aqueous conditions
typically used to study macromolecular assembly in vitro.
Applying osmotic stress allows us to better simulate the
response of lipoplexes to possible cellular and physiological
crowded environments. Specifically, en route to its target
inside the cell nucleus, DNA must traverse multiple barriers
by first enduring stressed conditions in the bloodstream, then
passing through the cell outer membrane, escaping internal
cellular organelles, and finally shedding its lipid sheath. These
barriers can all be modulated by the effect of crowding.
We show that by using x-ray diffraction and freeze-frac-
ture cryo-transmission electron microscopy (TEM), we are
able to assess the extent of hydration at the molecular level
under a given applied osmotic stress and to derive an equa-
tion of state for lipoplexes. We study isoelectric mixtures
of DNA and lipid at ratios corresponding to equal amounts
of negative (DNA) and positive (cationic lipid) charges.
All samples contained premixed, extruded lipid mixtures of
dioleoyl-phosphatidylcholine and dioleoylphosphatidyl tri-
methylammonium propane at a molar ratio of 3:2, and short
DNA fragments of ~146 basepairs (see Supporting Material
for experimental details). Osmotic pressures as high as
P ¼ 100 atm were applied, corresponding to solutions of
~50% PEG of molecular weight 8000 (the equivalent of
~4 Osmolal).
Fig. 2 shows the x-ray diffraction patterns from lipoplexes at
different applied osmotic stresses. We find that when the
complexes are unstressed they form lamellar assemblies with
DNA intercalated between membranes as shown in Fig. 1.
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L44 Biophysical LettersUsing freeze-fracture electron microscopy, we verify that the
structure of these unstressed complexes is lamellar (Fig. 3 A).
As osmotic pressure increases from low to intermediate
values, we find lamellar phases with smaller repeat spacings,
both between adjacent membranes and DNA strands (Fig. 2,
P ¼ 45 atm). Finally, when stressed with high osmotic pres-
sure, the lipoplex mesophase changes and assumes hexag-
onal geometry (Figs. 2 and 3 B). This abrupt phase transition
FIGURE 2 Small angle x-ray scans of lipid-DNA complexes at
the isoelectric point, as a function of applied osmotic stress.
At P ¼ 0 atm, the Bragg reﬂection indicated by the arrows
showing ﬁrst and second orders, correspond to periodic lamellar
structures, whereas the arrow marked DNA corresponds to
distances between the intercalated DNA strands of the LCa phase.
As osmotic pressure grows toP ¼ 45 atm, we ﬁnd that the Bragg
reﬂections shift to larger q values corresponding to smaller
molecular spacings (as indicated by the arrows). At even higher
osmotic pressures of P ¼ 100 atm we ﬁnd a series of reﬂections




: 2 that correspond to the hexagonal
symmetry and unit cell spacing of the HCII phase.
FIGURE 1 Schematic of the effect of osmotic stress on lipid-
DNA complexes. Osmotic stress tends to draw water out of lipo-
plexes (arrows), so that at high enough osmotic stress lamellar
lipoplexes transition to hexagonal phases.
Biophysical Journal 96(7) L43–L45can be expected to be of first order because the symmetry is
different in the two phases. The transition to the hexagonal
structure at high osmotic stress is also consistent with the
fact that the hexagonal phase has smaller water content,
because DNA and lipid are more closely bound. This struc-
ture should, therefore, be favored when the free energy cost
of water in the bulk becomes higher, i.e., chemical potential
(or water activity) becomes lower.
Using the information on the repeat spacings at different
pressures and applying a simple geometrical ‘‘box-model’’
(see Supporting Material) we can estimate the volume occu-
pied by water in a lipoplex unit cell. Using these estimates,
we plot the pressure versus volume per unit cell, as shown
in Fig. 4. The figure represents the equation of state for the
system, assuming data points represent lipoplexes at equilib-
rium. In fact, we find that the lipoplexes that first form in the
absence of osmotic stress, and then transform to the hexag-
onal phase with added polymer at large concentrations,
return to the lamellar structure when osmotic pressure is
lowered by PEG dilution (Fig. S1 in the Supporting Mate-
rial). This indicates that the transitions between different
lipoplex geometries are reversible under our experimental
conditions.
Evaluating the equation of state, we can estimate the Gibbs
free energy difference associated with transitioning from the
LCa to the H
C
II phase by measuring the area under the dashed
line in Fig. 4, from the unstressed lipoplexes to the transition
point on the HCII side. This area represents the reversible work
exerted in the transition.
FIGURE 3 Freeze-fracture TEM images of the lipoplexes as
a function of applied osmotic stress. (A) Lipoplexes with lamellar
geometry that are created in the absence of PEG (P ¼ 0 atm).
(B) Hexagonal DNA-lipid phase is formed after osmotic pressure
of 100 atm is applied. The image clearly disclosesmultiple arrays
of densely packed elongated rods composing the ordered meso-
phase. Note also the edges of the cylinders, some of which are
marked by black arrowheads. (C) A dense hexagonal phase is
created already at P ¼ 45 atm in the presence of hexanol. White
arrowheads in C point to edges of rods that become visible upon
fracturing.
Biophysical Letters L45We find that it takesz1.6 kT of work (where kT is thermal
energy) per DNA basepair to force the lamellar into hexagonal
structure, with estimates varying up to 20% depending on the
positioning of the plateau representing the coexistence.
We repeated the experiment using the same lipid mix-
tures, but adding the lipid-soluble cosurfactant hexanol, at
1:5 alcohol/lipid ratio. Isoelectric complexes show lamellar
structure, but those complexes transition to hexagonal
complexes at much lower applied osmotic pressure (Fig. 3C),
and the required work for transition isz0.2 kT, as shown in
Fig. 4. Our findings are consistent with the known action of
hexanol to reduce membrane rigidity, estimated to decrease
the Helfrich bending rigidity from z20 kT to under 10 kT
for our experimental conditions, and hence we can expect
easier bending of a membrane around DNA molecules (2,13).
We have previously used a Poisson-Boltzmann based
mean-field theory to account for electrostatic, elastic, and
entropic mixing terms related to both lipid and salt (9,10)
Our calculations show that the amount of work required to
bend a flat lipid membrane exactly to the extent that it is
bent in the hexagonal phase is close to 1.4 kT per DNA base
when the membrane rigidity is 20 kT, and drops toz0.3 kT
when the membrane rigidity is 1 kT. This implies that the
free energy required to transition from lamellar to hexagonal
lipoplexes is predominantly devoted to counteract lipid
bending elasticity. Thus, we show that the changes in the
lipoplex free energy can be measured directly by adjusting
environmental conditions, without the requirement to vary
lipid composition or lipid content as done previously.
Our work demonstrates that it is now possible to evaluate
the free energy changes associated not only with lipolex
response to modified properties of lipid and salts in solution,
but also with changes in water activity. We have also been
FIGURE 4 Changes in volume of hydration per lipoplex unit cell
derived from small angle x-ray scattering molecular spacings.
Symbols correspond to lipid mixtures in the absence of hexanol
(solid) and with hexanol (open). With applied osmotic pressure,
a transition in seen from LCa (squares) to H
C
II (circles) meso-
phases. Lines are guides to the eye.able to show that large changes in lipoplex structure and
geometry are possible in stressed and crowded environments.
Such response to confined environments should be important
for the action of lipoplexes and their efficiency in vivo.
SUPPORTING MATERIAL
Experimental procedures and one figure are available at http://www.
biophysj.org/biophysj/supplemental/S0006-3495(09)00213-6.
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